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To  reduce  Pt  loading  in  proton  exchange  membrane  (PEM)  fuel  cells,  we  synthesized  (111)  faceted 
octahedral  PtNi  nanoparticles  supported  by  carbon  black  (octahedral  PtNi  NPs/C)  using  a  new 
chemical  method,  and  evaluated  the  effect  of  reduction  of  Pt  loading  and  durability  in  actual  PEM  fuel 
cells.  We  confirmed  that  the  synthesized  particles  were  octahedral  and  the  PtNi  alloy  nanoparticles 
had  a  size  of  10—15  nm.  In  high  resolution  transmission  electron  microscopy  analysis,  nearly  all 
exposed  surfaces  of  the  octahedral  PtNi  NPs  were  identified  as  (111)  facets.  Energy  dispersion  X-ray 
spectroscopy  analysis  showed  that  the  corners  and  edges  of  the  octahedral  PtNi  NPs  were  richer  in 
platinum  than  the  internal  region,  thus  it  was  determined  that  the  octahedral  PtNi  NPs  adopted  a  core 
-shell  structure.  Mass  activity  of  octahedral  PtNi  NPs/C  as  a  cathode  in  fuel  cells  was  3.4  times  higher 
than  that  of  commercial  Pt  catalysts.  This  corresponds  to  a  71%  reduction  of  Pt  for  the  cathode.  In 
potential  cycling  tests,  the  octahedral  PtNi  NPs/C  also  exhibited  better  durability  than  the  commercial 
Pt  catalysts. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  (PEM)  fuel  cells  are  clean  energy 
systems  and  are  expected  to  be  applied  to  future  vehicles.  One  of 
the  main  issues  for  the  development  of  practical  PEM  fuel  cells  for 
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vehicles  is  the  cost.  In  cathodes  of  PEM  fuel  cells,  large  amounts  of 
Pt  are  used  to  obtain  sufficient  oxygen  reduction  reaction  (ORR) 
activity.  This  is  the  major  cause  of  the  high  cost  of  PEM  fuel  cells, 
and  is  undesirable  in  terms  of  resource  risk.  Reducing  Pt  loading  in 
cathodes  is  therefore  essential. 

Increasing  the  ORR  mass  activity  of  Pt  represents  a  highly 
effective  means  of  reducing  the  Pt  loading  in  the  cathode.  A  number 
of  approaches,  e.g.,  Pt-alloying  [1-8],  core-shell  structures  [9-14] 
and  crystal  faces-controlled  structures  [15-19  ,  have  been 
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proposed  and  investigated.  Among  these  it  was  reported  that 
orientation-controlled  crystals  showed  very  high  ORR  activity. 
Markovic  et  al.  reported  that  the  ORR  activity  of  single-crystal  Pt 
increases  corresponding  to  (100)  <  (111)  <  (110)  15].  In  contrast, 
Stamenkovic  et  al.  showed  a  difference  for  single-crystal  PtsNi  al¬ 
loys,  in  which  the  order  of  increasing  ORR  activity  is 
(100)  <  (110)  <  (111)  [16  .  It  was  also  found  that  the  ORR  activity  of 
Pt3Ni(lll )  was  10  times  higher  than  that  of  Pt( 111 ).  These  findings 
indicate  that  alloying  and  crystal  orientation  may  in  combination 
affect  a  very  large  increase  in  the  ORR  activity. 

It  is  important  to  note  that  all  of  these  reports  were  based  on 
investigations  of  single-crystal  electrodes.  In  an  actual  fuel  cell,  it  is 
necessary  to  apply  electrocatalysts  with  high  specific  surface  areas 
to  obtain  high  ORR  activity  for  a  small  catalyst  quantity.  To  achieve 
high  specific  surface  area,  synthesis  of  nanoparticles  is  one  of  the 
most  effective  approaches.  In  this  light,  we  chose  to  synthesize 
octahedral  PtNi  nanoparticles,  which  are  enclosed  by  PtNi(lll) 
facets,  supported  by  carbon  black  (octahedral  PtNi  NPs/C)  in  a 
process  of  slow  nanocrystal  growth,  using  polyol  reduction  with 
poly(diallyldimethylammonium  chloride)  (PDDA).  Octahedral  PtNi 
NPs/C  has  been  shown  to  exhibit  substantially  higher  ORR  activity 
than  Pt  catalysts  in  Rotating  Disc  Electrode  (RDE)  measurements 
[17-19  ,  however  no  evaluation  of  actual  fuel  cell  performance  and 
durability  has  been  reported.  In  this  report,  we  synthesized  octa¬ 
hedral  PtNi  NPs/C  by  a  new  chemical  method,  performed  fuel  cell 
tests  to  examine  their  effect  in  reducing  Pt  loading  in  cathodes,  and 
evaluated  their  durability. 


2.  Experimental 

2.1.  Synthesis  of  octahedral  PtNi  NPs/C 

Octahedral  PtNi  NPs/C  was  synthesized  by  a  simple  chemical 
method  as  follows.  In  a  300-mL  three-necked  flask  with  ethylene 
glycol  (50  mL)  (Kanto  Chemical),  Ketjenblack  ECP-600JD 
(513  mg)  (Lion  Corporation),  platinum  acetylacetonate 
(588  mg)  (Aldrich),  nickel  acetate  tetrahydrate  (372  mg)  (Aldrich) 
and  35  wt.%  PDDA  aqueous  solution  (760  pL)  (Aldrich)  were 
added  and  refluxed  under  an  Ar  gas  flow.  After  standing  for  2  h  at 
190  °C,  the  product  was  separated  from  the  reaction  liquid  by 
filtration,  washed  several  times  in  hot  ethanol,  acetone,  and 
water,  and  then  thoroughly  dried  at  50  °C,  thus  affording  the 
octahedral  PtNi  NPs/C. 


2.2.  Physical  characterization 

Scanning  electron  microscopy  (SEM)  and  transmission  electron 
microscopy  (TEM)  images  of  octahedral  PtNi  NPs/C  were  obtained 
by  a  Hitachi  High-Tech  HD-2000  (accelerating  voltage  200  kV) 
equipped  with  an  energy  dispersion  X-ray  spectrometer  (EDX). 
High-resolution  TEM  characterization  was  performed  by  a  Hitachi 
High-Tech  H-9000UHR  (accelerating  voltage  300  kV).  X-ray 
diffraction  (XRD)  patterns  were  collected  on  a  Bruker  D8  ADVANCE 
using  Cu-Ka  radiation. 


Fig.  1.  (a  and  b)  SEM  and  (c)  high-resolution  TEM  images  of  octahedral  PtNi  NPs/C.  The  square  shows  the  area  image-processed  by  inverse  Fourier  transformation  to  obtain  the 
pseudo  electron  diffraction  pattern,  (d)  Pseudo  electron  diffraction  pattern  of  octahedral  PtNi  nanoparticles. 
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2.3.  Electrochemical  evaluations 

To  perform  RDE  measurements,  a  catalyst  film  of  the  octahedral 
PtNi  NPs/C  was  prepared  as  follows.  The  octahedral  PtNi  NPs/C  was 
added  to  a  mixture  of  aqueous  ethanol  and  5  wt.%  Nation®  solution 
(Aldrich)  and  dispersed  ultrasonically.  The  ink  was  dropped  on  a 
glassy  carbon  electrode  (5  mm  diameter)  and  dried  in  air  at  room 
temperature.  The  amount  of  Pt  on  the  electrode  was  determined 
gravimetrically.  The  RDE  measurement  of  the  octahedral  PtNi  NPs/C 
(Pt:1.5  pg)  was  carried  out  using  an  RDE  apparatus  (Princeton 
Applied  Research)  and  a  six-necked  electrochemical  cell  with  a  Pt 
counter  electrode  and  a  saturated  calomel  reference  electrode  in 
02-saturated  aqueous  0.1  M  HCIO4  solution.  The  rotation  rate  was 
2000  rpm.  The  potential  range  was  from  0.015  to  1.05  V  (vs.  RHE)  at 
5  mV  s-1  using  an  electrochemical  measurement  system  (Solartron 
SI1287).  To  obtain  the  electrochemical  surface  area  (ECSA)  of  the 
octahedral  PtNi  NPs/C  on  the  electrode,  cyclic  voltammogram  (CV) 
measurements  were  performed  in  Ar-saturated  aqueous  0.1  M 
HCIO4.  The  ECSA  was  calculated  from  the  hydrogen  adsorption 
charge  area  (0.05-0.40  V)  as  0.21  mC  cm-2.  For  comparison,  RDE 
measurements  and  CV  measurements  of  a  commercial  carbon- 
supported  Pt  catalyst  (Pt/C)  (Pt:  3.9  pg)  were  similarly  performed. 

A  membrane-electrode-assembly  (MEA)  of  the  octahedral  PtNi 
NPs/C  was  prepared  using  a  general  decal  method.  The  octahedral 
PtNi  NPs/C  was  mixed  with  ultrapure  water  and  5  wt.%  Nation® 
solution  (Aldrich)  by  ultrasonication.  The  ink  was  then  sprayed  on  a 
Teflon®  sheet  (30  x  30  mm)  and  dried  to  make  a  decal  sheet  for  the 
cathode.  Similarly,  a  decal  sheet  of  a  commercial  Pt/C  was  prepared 
for  the  anode.  A  pair  of  the  prepared  decal  sheets  was  hot-pressed 
on  a  Nation®  membrane  (NR-212)  to  make  an  MEA.  Both  the  layer 
size  of  anode  and  cathode  on  MEA  were  30  x  30  mm  (9  cm2).  The  Pt 
loading  of  the  cathode  and  anode  were  0.14  mg  cm-2  and 
0.50  mg  cm-2,  respectively.  The  prepared  MEA  and  gas  diffusion 
layers  (SGL  carbon)  were  set  to  a  Japan  Automobile  Research 
Institute  (JARI)  standard  cell,  and  it  was  attached  to  fuel  cell  testing 
system  (NF  Corporation).  For  electrochemical  cleaning  of  MEA  to 
bring  out  the  fuel  cell  performance  fully,  polarization  cycles  that 
called  “cell-aging  process”  were  performed  repeatedly.  The  condi¬ 
tions  of  cell-aging  process  were  same  as  fuel  cell  tests  that  were 
described  below.  After  the  cell-aging  process  was  done  fully,  actual 
fuel  cell  tests  were  performed  with  conditions  below.  The  cell 
temperature  was  70  °C.  The  anode  and  the  cathode  gases  were  H2 
and  air,  humidified  at  50%  and  73%  relative  humidity,  controlled  at  a 
gas  stoichiometric  ratio  of  1.4  and  1.8,  and  a  backpressure  of  130  kPa 
and  100  kPa,  respectively.  For  comparison,  an  MEA  with  the  com¬ 
mercial  Pt/C  for  both  electrodes,  whose  Pt  loadings  were  both 
0.50  mg  cm-2,  was  prepared,  and  fuel  cell  tests  were  performed 
with  the  same  conditions  as  above. 

To  assess  the  durability  of  octahedral  PtNi  NPs/C  in  the  fuel  cell, 
before  and  after  the  potential  cycling,  fuel  cell  tests  were  per¬ 
formed.  The  cell  conditions  were  similar  to  the  above  fuel  cell  tests 
except  that  both  anode  H2  gas  and  cathode  air  were  fully  humidi¬ 
fied.  Square-shaped  potential  waves  were  applied  to  the  cell  10,000 
times  between  0.6  V  and  0.9  V  using  a  potentiostat  (Hokuto  Denko 
HD-3000).  The  potential  was  maintained  for  20  s  at  each  potential. 
Before  and  after  the  cycling,  CV  measurements  were  performed  to 
check  the  changes  of  ECSA  in  the  cathode  by  filling  the  cathode  side 
with  N2  gas. 

3.  Results  and  discussion 

3.1.  Physical  characterization  of  octahedral  PtNi  NPs/C 

Fig.  1  shows  SEM  and  TEM  images  of  the  octahedral  PtNi  NPs/C. 
The  low-magnification  SEM  image  of  Fig.  1(a)  shows  well-dispersed 


octahedral  particles  on  carbon  black  with  particle  sizes  of 
10-15  nm.  As  seen  in  the  high-magnification  SEM  image  of 
Fig.  1(b),  the  nanoparticles  are  not  perfect  octahedrons  but  rather 
truncated  octahedrons.  Fig.  1(c)  shows  a  high-resolution  TEM  im¬ 
age  of  the  octahedral  PtNi  NPs  along  the  [110]  direction.  Fig.  1(d) 
shows  the  pseudo  electron  diffraction  pattern  image  obtained  by 
fast  Fourier  transformation,  the  diffraction  spot  of  which  was 
indexed  for  the  area  enclosed  by  the  square  in  Fig.  1(c).  The  surfaces 
with  cut  corners  (B,  E)  in  Fig.  1(c)  were  identified  as  (100)  facets  and 
the  others  (A,  C,  D,  F)  as  (111 )  facets,  thus  nearly  all  exposed  surfaces 
of  the  octahedral  PtNi  NPs  were  identified  as  (111)  facets. 

There  are  two  important  factors  in  obtaining  (111)  faceted 
octahedral  PtNi  NPs/C.  The  first  is  the  effect  of  PDDA  as  a  capping 
agent.  PDDA  is  a  polymer  with  high  density  functional  groups  that 
serve  as  adsorption  sites,  and  therefore  exhibits  extremely  strong 
absorptivity  [20,21  .  In  the  reactions,  PDDA  coordinates  with  Pt2+ 
and  Ni2+  ions,  inhibiting  their  reduction  to  Pt(0)  and  Ni(0)  atoms, 
thus  slowing  the  nucleation  reaction  and  limiting  the  number  of 
nuclei  formed.  The  precursors  are  consumed  in  the  particle  growth, 
and  uniform  particle  growth  occurs  at  the  atomic  level  by  contin¬ 
uous  metal  deposition,  thus  resulting  in  the  formation  of  larger 
particles  with  a  comparatively  large  proportion  of  facets  compared 
to  corners  and  edges.  The  second  factor  is  that  PtNi(  111 )  facets  have 
lower  surface  energy  than  the  other  facets  [17,22-24].  The  growth 
rate  of  crystal  faces  with  low  surface  energy  is  comparatively  slow, 
thus  the  proportion  of  the  crystal  faces  exposed  becomes  large. 
Furthermore,  selective  PDDA  adsorption  to  PtNi(lll)  may  further 
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Fig.  2.  Dark-field  SEM  image  of  octahedral  PtNi  NPs/C  including  EDX  analysis  areas 
(squares)  and  points  (arrows). 
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20/deg. 

Fig.  3.  XRD  patterns  for  octahedral  PtNi  NPs/C  and  commercial  Pt/C,  and  the  theo¬ 
retical  peaks  for  Pt(0040802)  and  Ni(0040850). 

lower  its  surface  energy.  We  believe  that  these  combined  effects 
enabled  the  formation  of  octahedral  PtNi  nanoparticles. 

Fig.  2  shows  the  local  atomic  compositions  of  two  of  the  octa¬ 
hedral  PtNi  NPs  obtained  by  EDX.  The  overall  (analysis  points-1) 
composition  of  particle  A  is  Pt:Ni  =  63.8:36.2,  indicating  it  is  rich 
in  platinum.  The  compositional  ratio  in  the  center  (analysis  points- 
2)  of  particle  A  is  Pt:Ni  =  57.3:42.7  in  contrast  to  the  values  of 


Pt:Ni  =  80.7:19.3  at  the  corner  (analysis  points-3)  and 
Pt:Ni  =  72.3:27.7  at  the  edge  (analysis  points-4).  These  results 
clearly  indicate  that  the  corners  and  edges  of  the  octahedral  PtNi 
NPs  are  richer  in  platinum  than  the  internal  region.  The  composi¬ 
tional  distribution  of  particle  B  shows  a  similar  tendency.  These 
results  indicate  that  the  octahedral  PtNi  NPs  adopt  a  core-shell 
structure. 

Fig.  3  shows  the  XRD  patterns  of  the  octahedral  PtNi  NPs/C  and 
the  commercial  Pt/C.  The  XRD  pattern  of  the  octahedral  PtNi  NPs/C 
is  the  same  as  the  characteristic  pattern  of  pure  Pt  in  relative  peak 
positions  and  intensity  ratios,  thus  showing  it  to  have  the  same  fee 
structure  as  Pt.  The  diffraction  peaks  of  the  octahedral  PtNi  NPs/C 
are  shifted  toward  the  high-angle  side  relative  to  those  of  the 
commercial  Pt/C,  which  is  due  to  shortening  of  the  crystal  face 
interval  by  alloying  the  Pt  with  Ni.  The  difference  between  the 
commercial  Pt/C  and  the  octahedral  PtNi  NPs/C  in  (111)  peak-top 
position  is  1.65°.  This  difference  indicates  that  the  crystal  face  in¬ 
terval  in  the  (111)  direction  is  0.085  A  shorter  than  that  of  the 
commercial  Pt/C.  The  diffraction  peaks  of  the  octahedral  PtNi  NPs/C 
are  also  asymmetrical.  The  top  of  each  peak  is  shifted  toward  the 
high-angle  side,  with  a  shoulder  on  the  low-angle  side.  We  consider 
that  the  asymmetric  peaks  and  the  shoulders  on  the  low-angle  side 
are  due  to  the  atomic  compositional  distribution  of  the  octahedral 
PtNi  NPs  shown  in  Fig.  2. 

3.2.  Electrochemical  evaluations 

Fig.  4(a)  shows  polarization  curves  of  octahedral  PtNi  NPs/C  (Pt: 
1.5  pg)  and  commercial  Pt/C  (Pt:  3.9  pg)  by  RDE  measurements. 
Fig.  4(b)  shows  Tafel  plots  of  both  electrocatalysts.  The  currents  of 
Tafel  plots  were  normalized  by  Pt  loading  and  converted  to  remove 
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Fig.  4.  (a)  Polarization  curves  and  (b)  Tafel  plots  of  octahedral  PtNi  NPs/C  (Pt:1.5  |ig)  and  commercial  Pt/C  (Pt:3.9  |ig)  by  RDE  measurements.  The  currents  of  Tafel  plots  were 
normalized  by  Pt  loading  and  converted  to  remove  the  influence  of  the  diffusion  of  oxygen  in  the  electrolyte,  (c)  Comparison  of  ORR  mass  activity  and  (d)  specific  activity  at  0.90  V 
(vs.  RHE)  between  octahedral  PtNi  NPs/C  and  commercial  Pt/C. 
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the  influence  of  the  diffusion  of  oxygen  in  the  electrolyte.  Fig.  4(c) 
shows  the  comparison  of  mass  activity  of  both  electrocatalysts  at 
0.90  V  fromTafel  plots.  The  mass  activity  of  octahedral  PtNi  NPs/C  is 
about  6.0  times  higher  than  that  of  commercial  Pt/C.  This  mass 
activity  is  the  same  as  or  more  than  that  of  previous  reports 
[  17-19  .  This  high  ORR  activity  indicates  the  possibility  of  up  to  83% 
reduction  of  Pt  loading  in  the  cathode  using  octahedral  PtNi  NPs/C. 
Fig.  4(d)  shows  the  comparison  of  specific  activity  calculated  with 
ECSA  of  both  electrocatalysts  at  0.90  V.  The  specific  activity  of 
octahedral  PtNi  NPs/C  is  about  17.9  times  higher  than  that  of 
commercial  Pt/C,  much  higher  than  the  mass  activity.  This  suggests 
that  the  intrinsic  ORR  activity  of  octahedral  PtNi  without  consid¬ 
ering  surface  area  is  extremely  high  compared  to  pure  Pt. 

The  catalytic  activity  and  stability  of  octahedral  PtNi  NPs/C  were 
evaluated  in  actual  PEM  fuel  cell  tests.  Fig.  5(a)  shows  the  polari¬ 
zation  curves  of  the  PEM  fuel  cell  using  the  octahedral  PtNi  NPs/C  in 
the  cathode.  In  these  polarization  curves,  despite  the  fact  that  Pt 
loading  of  octahedral  PtNi  NPs/C  on  the  cathode  is  smaller  than  that 
of  commercial  Pt/C  (0.14  mg-Pt  cm-2  and  0.50  mg-Pt  cm-2, 
respectively),  both  fuel  cell  performances  are  almost  the  same.  To 
evaluate  the  Pt-mass  activity  of  octahedral  PtNi  NPs/C  in  actual  PEM 
fuel  cell,  Tafel  plots  that  normalized  by  Pt  loading  are  represented 
in  Fig.  5(b),  and  the  mass  activity  of  octahedral  PtNi  NPs/C  at  0.90  V 
is  compared  to  that  of  commercial  Pt/C  in  Fig.  5(c).  As  shown  in 
Fig.  5(c),  the  mass  activity  at  0.90  V  of  the  octahedral  PtNi  NPs/C  is 
3.4  times  higher  than  that  of  the  commercial  Pt/C  in  PEM  fuel  cell 
tests.  These  results  indicate  that  by  using  the  octahedral  PtNi  NPs/C 
as  a  substitute  for  commercial  Pt/C,  a  71%  reduction  of  Pt  loading  in 
the  cathode  of  PEM  fuel  cells  will  be  possible.  Thus  it  was  shown 


that  octahedral  PtNi  NPs/C  has  great  potential  to  reduce  the  cost  of 
PEM  fuel  cells. 

The  ratios  of  mass  activity  in  the  PEM  fuel  cell  for  the  octahedral 
PtNi  NPs/C  and  the  commercial  Pt/C  are  smaller  than  that  in  the 
RDE  measurements.  The  reasons  for  this  are  currently  being  stud¬ 
ied.  However,  we  expect  one  of  them  is  the  presence  of  residual 
PDDA  in  the  cathode  of  the  MEA.  If  the  residual  PDDA  was  on 
octahedral  PtNi  NPs,  it  may  reduce  the  number  of  the  active  sites 
and  inhibit  ORR.  In  the  RDE  measurements,  the  electrodes  were 
immersed  in  an  aqueous  electrolyte,  and  PDDA,  which  is  highly 
soluble  in  water,  should  be  presumably  dissolved  in  the  electrolyte. 
Moreover,  in  the  electrochemical  cleaning  by  potential  cycling  prior 
to  the  polarization  test,  any  PDDA  adsorbed  strongly  to  the  particle 
surfaces  should  have  been  removed.  This  would  permit  an  exertion 
of  the  ORR  activity  of  the  octahedral  PtNi  NPs/C.  In  the  PEM  fuel  cell 
tests,  in  contrast,  the  cell-aging  process  was  performed  by  polari¬ 
zation  cycling  with  the  electrodes  surrounded  by  gases  rather  than 
liquids.  Therefore,  the  PDDA  removal  effect  by  the  cell-aging  pro¬ 
cess  may  be  smaller.  We  expect  that  this  may  be  a  major  cause  of 
smaller  mass  activity  of  the  octahedral  PtNi  NPs/C  in  the  PEM  fuel 
cell. 

Fig.  6(a)  shows  the  polarization  curves  of  the  octahedral  PtNi 
NPs/C  in  the  PEM  fuel  cell  before  and  after  10,000  cycles  of  the 
potential  cycle  of  0.6-0.9  V.  No  substantial  loss  in  fuel  cell  perfor¬ 
mance  is  found  in  any  current  region.  As  shown  in  Fig.  6(b),  the 
declining  rate  of  the  mass  activity  before  and  after  the  potential 
cycling  for  the  commercial  Pt/C  and  the  octahedral  PtNi  NPs/C  are 
29%  and  19%,  respectively.  Thus  it  is  found  that  the  durability  of  the 
octahedral  PtNi  NPs/C  in  the  0.6-0.9  V  potential  cycle  is  superior  to 
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Fig.  5.  (a)  Polarization  curves  of  PEM  fuel  cells  with  octahedral  PtNi  NPs/C  or  commercial  Pt/C  for  cathodes,  (b)  Tafel  plots  of  octahedral  PtNi  NPs/C  and  commercial  Pt/C  for  PEM  fuel 
cell  tests,  (c)  Mass  activity  at  0.90  V  of  the  octahedral  PtNi  NPs/C  and  commercial  Pt/C. 
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Fig.  6.  (a)  Polarization  curves  of  octahedral  PtNi  NPs/C  before  and  after  10,000  potential  cycles  of  0.6-0.9  V  in  fuel  cell  test,  (b)  Change  of  mass  activity  and  (c)  ECSA  of  octahedral 
PtNi  NPs/C  and  commercial  Pt/C  before  and  after  the  0.6-0.9  V  potential  cycling. 


that  of  the  commercial  Pt/C.  Furthermore,  the  mass  activity  of  the 
octahedral  PtNi  NPs/C  after  the  potential  cycling  remains  4.1  times 
higher  than  that  of  the  commercial  Pt/C. 

We  consider  that  the  reason  of  better  durability  of  the  octahe¬ 
dral  PtNi  NPs/C  should  be  due  to  its  small  changing  of  ECSA  during 
the  durability  tests.  Fig.  6(c)  shows  the  ECSA  of  electrocatalysts  in 
cathodes  before  and  after  the  potential  cycling.  The  declining  rate 
of  ECSA  for  the  commercial  Pt/C  and  the  octahedral  PtNi  NPs/C  are 
28%  and  4%,  respectively.  For  the  commercial  Pt/C,  the  declining 
rate  of  ECSA  is  about  the  same  as  its  activity  loss  ratio  (29%).  This 
indicates  that  the  main  cause  of  the  activity  loss  in  the  potential 
cycling  for  the  commercial  Pt/C  is  a  decrease  in  surface  area  of  the 
Pt  nanoparticles.  For  the  octahedral  PtNi  NPs/C,  the  declining  rate  of 
ECSA  was  very  small,  thus  that  was  not  main  cause  of  the  activity 
loss.  In  general,  a  decreasing  of  ECSA  of  nano-electrocatalysts  by 
fuel  cell  operation  results  from  Ostwald  ripening,  which  is  due  to 
their  surface  oxidation,  dissolution  and  re-deposition  of  atomic 
metals.  The  octahedral  PtNi  NPs  may  be  resistant  to  Ostwald 
ripening,  thus  its  declining  rate  of  ECSA  was  very  small,  and  they 
showed  better  durability.  We  examine  there  may  be  two  reasons 
why  Ostwald  ripening  didn't  proceed  so  fast.  The  first  is  that  the 
size  of  the  octahedral  PtNi  NPs  was  relatively  large.  As  shown  in 
Fig.  1(a)  and  (b),  the  size  of  the  octahedral  PtNi  NPs  was  ~15  nm,  and 
larger  than  that  of  the  commercial  Pt  NPs  (~3  nm).  It  has  been  re¬ 
ported  that  Ostwald  ripening  for  smaller  particles  progresses  faster 
[25].  The  second  is  that  the  surface  of  octahedral  PtNi  NPs  has  high 
stability  because  of  Pt-rich  (111)  facets.  As  shown  in  Fig.  1(c)  and 
Fig.  2,  almost  all  the  surfaces  of  octahedral  PtNi  NPs  were  identi¬ 
fied  as  Pt-rich  (111)  facets.  Because  the  (111)  facet  is  high  in  both 
atomic  density  and  atomic  coordination  number,  we  believe  it 
should  be  relatively  more  resistant  to  dissolution  from  surface  than 
the  other  facets. 


The  causes  of  19%  activity  loss  of  the  octahedral  PtNi  NPs/C  by 
durability  tests  are  under  investigations.  We  recognize  that  the 
changing  of  atomic  composition  due  to  dissolution  of  Ni  from  inside 
of  the  octahedral  PtNi  NPs  and  losing  of  (111)  facets  that  produce 
high  ORR  activity  are  important  concerns. 


4.  Conclusion 

To  reduce  Pt  loading  in  PEM  fuel  cells,  we  have  synthesized  (111 ) 
faceted  octahedral  PtNi  nanoparticles  supported  by  carbon  black 
(octahedral  PtNi  NPs/C)  using  a  new  chemical  method,  and  evalu¬ 
ated  their  ORR  activity  and  durability  by  RDE  measurements  and 
actual  fuel  cell  tests.  We  confirmed  that  the  synthesized  particles 
were  octahedral  with  PtNi  alloy  nanoparticles  of  size  10-15  nm  by 
SEM.  In  high  resolution  TEM  analysis,  nearly  all  exposed  surfaces  of 
the  octahedral  PtNi  NPs  were  identified  as  (111)  facets.  The  SEM- 
EDX  analysis  showed  that  the  corners  and  edges  of  the  octahedral 
PtNi  NPs  were  richer  in  platinum  than  the  internal  region,  thus  it 
was  found  that  the  octahedral  PtNi  NPs  adopted  a  core-shell 
structure.  In  evaluations  of  ORR  activity  of  the  octahedral  PtNi  NPs/ 
C  by  RDE  measurements,  mass  and  specific  activities  were  6.0  and 
17.9  times  higher  than  those  of  the  commercial  Pt/C,  respectively. 
MEAs  using  the  octahedral  PtNi  NPs/C  in  the  cathode  were  pre¬ 
pared  and  evaluated  by  actual  fuel  cell  performances  and  durability. 
Mass  activity  of  octahedral  PtNi  NPs/C  on  the  cathode  was  3.4  times 
higher  than  that  of  commercial  Pt/C.  This  indicated  that  a  71% 
reduction  of  Pt  for  the  cathode  would  be  possible.  In  durability  tests 
by  0.6-0.9  V  potential  cycling,  there  was  almost  no  variation  of  the 
polarization  curves  before  and  after  10,000  cycles.  We  believe  that 
the  octahedral  PtNi  NPs/C  has  great  potential  to  reduce  the  Pt 
loading  in  PEM  fuel  cells. 
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